Proteolipid protein (PLP)-139 -151 is the dominant encephalitogenic peptide that induces experimental autoimmune encephalomyelitis (EAE) in SJL (H-2 s ) mice. To examine the contribution of T cell receptor (TCR) specificity in the induction of EAE, we generated transgenic mice expressing the rearranged TCR genes from an encephalitogenic or a nonencephalitogenic PLP-139 -151͞I-A s -specific T cell clone. Both types of transgenic lines developed spontaneous EAE, but, remarkably, the lines expressing the TCR from the nonencephalitogenic clone showed increasingly higher frequencies of disease (60 -83%) in progressive SJL backcrosses and could not be propagated on the susceptible background. The T cells from the transgenic mice were not tolerized, because they responded vigorously to the antigen in vitro and mediated EAE when the mice were immunized with antigen. Besides being the only description of a TCR transgenic mice for the PLP-139 -151͞I-A s epitope, the results demonstrate that the TCR from a nonencephalitogenic PLP-specific T cell clone can induce autoimmune disease when expressed appropriately in vivo.
M
yelin proteolipid protein (PLP) is the major protein of the central nervous system (CNS) myelin. Multiple epitopes of PLP that can induce experimental autoimmune encephalomyelitis (EAE) in several different strains of mice have been identified (1) (2) (3) (4) (5) . In SJL (H-2 s ) mice, there are two major encephalitogenic epitopes of PLP, PLP-139-151 and PLP-178-191 (2, 6) , each of which binds with a binding affinity of K 50 Ͻ 1 M to I-A s (5) , but the immune response to PLP-139-151 is unusually dominant. First, immunization of SJL mice with whole spinal cord homogenate that contains multiple myelin antigens including myelin basic protein (MBP), PLP, and myelin oligodendrocyte glycoprotein results in a T cell response directed entirely to the PLP-139-151 epitope (7) . Second, if PLP-139-151-specific T cells are tolerized in SJL mice, disease induction by whole spinal cord homogenate is abrogated (8) . In addition to the unique features of this epitope, different H-2 s strains show differences in their susceptibility to EAE. Whereas SJL mice are highly susceptible, B10.S mice are relatively resistant to the development of EAE when they are immunized with PLP-139-151. Thus, these mouse strains provide an opportunity to identify the genetic loci and genes that are responsible for disease susceptibility (9) .
In this paper, we describe the generation of PLP-139-151-specific TCR-transgenic mice by expressing rearranged TCR ␣ and ␤ chains from an encephalitogenic and a nonencephalitogenic T cell clone derived from SJL mice and that are specific for PLP-139-151. The transgenic mice expressing either the encephalitogenic or the nonencephalitogenic TCR developed spontaneous EAE in specific pathogen-free͞viral antibody-free conditions (SPF͞VAF). More importantly, the two lines of transgenic mice expressing TCR from the nonencephalitogenic clone developed spontaneous EAE with such a high frequency that they could not be maintained on the SJL background.
Materials and Methods
DNA Constructs and Generation of Transgenic Mice. The cDNA sequences of the TCR ␣ and ␤ chains from the 5B6 and 4E3 PLP-139-151-specific T cell clones have previously been identified (10) . PCR primers with flanking restriction sites were designed to amplify the rearranged V␣4J␣8,V␤6D␤2J␤2.6 and V␣11J␣12,V␤16D␤2J␤2.5 segments from genomic DNA of the 5B6 and 4E3 T cell clone, respectively. The PCR products were subcloned into the appropriate restriction sites of genomic TCR expression cassettes (11) . The transgenic constructs were electroporated together with plasmids containing mCD4 and the neomycin-resistance marker gene, respectively, into 58 ␣ Ϫ ␤ Ϫ T cell hybridomas (12) . After selecting the transfectants in medium with G418 (1 mg͞ml), resistant cells were screened by flow cytometry for the expression of CD3, CD4, or V␤6. Positive clones were examined for antigen specificity as described below. To generate transgenic mice, linearized TCR plasmids were injected into the pronuclei of fertilized FVB͞N (H-2 q ) oocytes. To introduce the H-2 s haplotype into the transgenic background, the transgenic founders were backcrossed for five generations onto SJL͞J mice. Transgenic mice were identified by Southern blot analysis of tail DNA by using VJ␣ and VDJ␤ probes derived from the TCR plasmids as described below. Alternatively, mice were screened by FACS analysis of CD4-, CD8-, or V␤6-stained peripheral blood cells as described below. SJL mice that were heterozygous for the RAG-2 deficiency were obtained by crossing homozygous RAG-2-deficient mice for five generations onto the SJL͞J background. The TCR-transgenic mice were subsequently intercrossed with SJL͞J-RAG 2 ϩ/Ϫ mice. TCRtransgenic and RAG-2 ϩ/Ϫ litters were finally intercrossed to obtain mice that were TCR transgenic and homozygous for the RAG-2 deficiency. Mice were housed at the Harvard Institutes of Medicine SPF͞VAF facility and maintained in autoclaved cages with autoclaved bedding, food, and water.
DNA Isolation and Southern Analysis. Isolation and analysis of DNA were carried out essentially as described by Sambrook et al. (13) . At least 10 g of genomic DNA was digested with BamHI and EcoRI, separated on agarose gels, and transferred to nylon membranes. Filters were hybridized overnight at 65°C in buffer containing 32 P-labeled random primed 4E3 or 5B6 transgenespecific VJ␣ and VDJ␤ probes. The filters were subsequently washed twice in 0.2ϫ SSPE, 0.1% SDS at 60-65°C for 10 min each and exposed to Kodak X-Omat AR film.
Flow Cytometry. Single-cell suspension of spleens and thymi were prepared, and RBC were lysed by hypotonic shock. Thymocytes, spleen cells, or lymph node cells (1 ϫ 10 6 per sample) were incubated in 50 l of wash buffer (PBS͞0.1% NaN 3 ͞1% FCS) containing 0.25 g of anti-mouse CD32͞CD16 (PharMingen) for 3 min at 4°C. The cells were washed and subsequently stained with FITC-or phycoerythrin-conjugated antibodies at 4°C for 30-45 min. At least 30,000 cells per sample were analyzed on a FACS-sort model flow cytometer (Becton Dickinson).
Peptide Antigens. The following peptide antigens were used: PLP-139-151 (HSLGKWLGHPDKF) (14) , PLP-178-191 (NT-W T TCQSIAFPSK), and Nase-101-120 (EA LVRQ-GLAKVAYVYKPNNT). The purity of the peptides was Ͼ90% as determined by HPLC. Induction and Assessment of EAE. For the development of spontaneous EAE, unimmunized mice were examined routinely for signs of EAE. EAE was induced in the transgenic mice by three different protocols: mice were immunized with PLP-139-151 together with pertussis toxin (PT), PLP-139-151 alone, or PT alone. In the first protocol, mice were injected s.c. in each flank with 25 g of PLP-139-151 emulsified in complete Freund's adjuvant (CFA; Difco) supplemented with 400 g of Mycobacterium tuberculosis (H37RA; Difco). Each mouse was also injected i.v. with 75 ng of PT (List Biological Laboratories, Campbell, CA) in 0.1 ml of PBS immediately and 48 h after the immunization. In the alternative protocols, mice were injected with PLP-139-151 or PT only as above. Mice were examined daily for signs of EAE, which were graded as follows: flaccid tail, 1; uneven gait and impaired righting reflex, 2; total hindlimb paralysis, 3; fore-and hindlimb paralysis, 4; and moribund, 5. At the peak of the disease or at the end of the experiment, brains and spinal cords were removed and fixed in 10% formalin (Fisher Scientific) and examined histopathologically for inflammation and demyelination as described (15) .
Immunohistochemistry. At the time of sacrifice, brains and spleens of transgenic and nontransgenic mice were removed and snap frozen in OCT compound (Sakura Finetek U.S.A., Torrance, CA). Cryostat sections were immunostained with rat anti-mouse CD4 (clone RM 4-5) and rat anti-V␤6 TCR (clone RR4-7) (both from PharMingen) by avidin-biotin immunoperoxidase, as described (15) .
Results
Generation of PLP-Specific TCR Transgenic Mice. We isolated genomic rearranged TCR genes from the PLP-139-151-specific T cell clones 5B6 and 4E3 (16) to generate TCR transgenic mice. Both the 5B6 and 4E3 clones are CD4 ϩ , I-A s -restricted, and specific for PLP-139-151, but there are important differences between them. Both clones reacted against the same truncated PLP peptides spanning PLP-139-151, but, in addition, the 5B6 T cell clone responded to the smaller truncated peptide PLP-139-145 (16) . The proliferative response of the 5B6 but not the 4E3 T cell clone to PLP-139-151 could be blocked by anti-CD4 mAb, suggesting that the CD4 molecule on the surface of the 4E3 clone was nonfunctional (16) . The 4E3 and the 5B6 T cell clone both produced Th1 cytokines following antigen stimulation, but the 5B6 clone showed a much higher expression of TCA3 chemokine mRNA compared with the 4E3 clone. Furthermore, the 5B6 T cell clone was cytolytic in vitro and strongly encephalitogenic in vivo, whereas the 4E3 clone was noncytolytic and could not transfer EAE (17) .
The rearranged TCR genes, which utilized V␣4 and V␤6 (5B6 clone) and V␣11 and V␤16 (4E3 clone) (10), were subcloned into cosmid cassette vectors containing TCR-specific regulatory elements (11) . To examine the functionality and specificity of the cloned TCR plasmids, the transgenic constructs were electroporated with plasmids containing mCD4 and with the neomycinresistance marker gene into the 58 ␣ Ϫ ␤ Ϫ T cell hybridoma (12). G418-resistant cells were screened for expression of CD3, CD4, and TCR by flow cytometry (Fig. 1A) . Positive transfectants that expressed CD3͞TCRs with and without CD4 showed antigeninduced IL-2 production in the presence of PLP-139-151 and SJL splenocytes as antigen-presenting cells (Fig. 1B) . Previous studies have shown that the T cell response to a low affinity TCR͞MHC ligand interaction depends more on coreceptor engagement than those to a high affinity interaction (18) . To obtain an estimate of the relative affinity of the 5B6 and 4E3 TCRs for PLP-139-151, we examined the CD4 coreceptor dependence of transfectants expressing these TCR with or without CD4 coexpression in IL-2 production assays following antigen-specific activation (Fig. 1B) . The CD4-negative, 5B6 TCR-expressing transfectants produced low amounts of IL-2 with a maximum (700 pg͞ml) only at the highest antigen concentration tested. Coexpression of CD4 with the 5B6 TCR resulted in sustained production of low amounts of IL-2 from the transfectants at lower doses of antigen. The transfectants expressing TCR derived from the nonencephalitogenic 4E3 clone were able to recognize PLP-139-151 peptide and produce relatively large amounts of IL-2 (Ͼ2,000 pg͞ml) even in the absence of CD4 expression. Coexpression of CD4 only marginally increased IL-2 production at lower doses of PLP-139-151 (Fig. 1B) . These data show that both of the TCR constructs were functional and maintained their antigen specificity to PLP-139-151. Furthermore, the data indicate that the TCR derived from the nonencephalitogenic 4E3 clone was less dependent on CD4 coreceptor function, which may indicate that it has a relatively higher affinity for PLP-139-151͞I-A s than the TCR of the encephalitogenic T cell clone 5B6.
Transgenic mice were generated by coinjection of the linearized 5B6 and 4E3 TCR ␣␤ constructs into pronuclei of FVB͞N (H-2 q ) fertilized oocytes (19) . A total of six TCR ␣␤ DNApositive founder mice were obtained, four expressing the 4E3 TCR constructs and two expressing the 5B6 TCR constructs. Two 4E3-specific lines and one 5B6-specific line showing germline transmission of the transgenes were selected for further analysis (Fig. 2) . The TCR transgenes were introduced onto the H-2 s background by successive backcrossing to SJL͞J mice.
Selection of T Cell Populations in PLP-TCR-Transgenic Mice.
The thymi and spleens of transgenic animals were comparable in size to those of nontransgenic littermates. There was no significant difference in the number of T cells in the thymus or spleen of the transgenic mice compared with nontransgenic littermates, indicating that there was no gross clonal deletion of transgenic T cells (data not shown). As shown in Fig. 3 , the CD4͞CD8 ratio of thymocytes in PLP TCR-transgenic mice was increased compared with the nontransgenic littermates. The increase of the Nontransgenic littermates (NLM) are shown as controls. Southern blot analysis was carried out as described by using 32 P-labeled 4E3 and 5B6 transgenespecific VJ␣ and VDJ␤ probes. CD4͞CD8 ratio is a pattern indicative of positive selection of the CD4 ϩ transgenic T cells (20) . Because the 5B6 TCR is composed of V␤6, we analyzed the selection and expression of V␤6-bearing cells in the thymus and peripheral lymphoid tissues of the transgenic mice by using the available anti-TCR V␤6 antibody. For the 4E3 TCR, neither the clonotypic nor the specific V␣ or V␤ antibody is currently available for this type of analysis. Essentially all (Ͼ98%) of the CD3 ϩ thymic and splenic cells expressed the TCR V␤6 chain in the 5B6 transgenic mice (Fig.  3B ). These data demonstrate that, in the 5B6 TCR-transgenic mice, the vast majority of the mature T cells in the periphery expressed the transgenic TCR V␤6. Establishing 5B6 TCRtransgenic mice that were RAG-2 deficient further substantiated this. The 5B6 TCR-transgenic T cells on the RAG-2 Ϫ/Ϫ background were positively selected in the thymus and did not undergo significant deletion in the periphery when compared with the TCR transgenic RAG-2 ϩ/ϩ background and were highly responsive to PLP-139-151 in vitro (Fig. 3C , and data not shown).
T cells in the TCR transgenic mice specifically respond to PLP-139 -151
peptide and produce Th1 cytokines. Splenocytes from unimmunized 5B6 and 4E3 TCR-transgenic mice proliferated vigorously when stimulated with PLP-139-151. This response was highly antigen specific because these splenic cells failed to proliferate to control I-A s -binding peptides PLP-178-191 or Nase (data not shown). In contrast, PLP-139-151-specific proliferation was not detected in spleen cells obtained from naive nontransgenic littermates (Fig. 4A) . Supernatants of proliferation cultures were assayed for secretion of IL-2, IL-4, IL-10, TNF-␣, and IFN-␥ by quantitative cytokine ELISA analysis. Consistently, we found that transgenic splenic T cell cultures stimulated with PLP-139-151 produced IL-2 and large amounts of IFN-␥ compared with cells from nontransgenic littermates (Fig. 4B) . The amounts of IL-4, IL-10, and TNF-␣ were generally below the detection limit in supernatants from both the transgenic and negative littermate cultures.
Peripheral activation of transgenic T cells could not be analyzed directly because of the lack of anticlonotypic antibodies for the 4E3 and 5B6 TCRs. However, gating on CD4 ϩ and CD4 ϩ V␤6 ϩ T cells from 4E3-and 5B6-unimmunized TCRtransgenic mice, respectively, revealed that these populations had an activated phenotype in some mice as assessed by staining for CD62L and CD69 or CD44 (data not shown).
Taken together, these data indicate that T cells from unimmunized transgenic mice are not tolerized and appear to be differentiated in vivo because they responded vigorously to the autoantigen PLP-139-151 by proliferation and production of IFN-␥ upon stimulation.
PLP-TCR Transgenic Mice Develop a High Incidence of Spontaneous
Autoimmunity of the CNS. Because we backcrossed the transgenic mice onto the SJL background, it was possible to observe the transgenic mice on different backcross generations for the development of EAE for up to 1 year. During this period we detected spontaneous EAE during routine care and breeding of these mice. Under SPF͞VAF conditions with autoclaved food and water, both 5B6 and 4E3 TCR-transgenic mice developed spontaneous EAE. Spontaneous disease in the transgenic mice was detected in each backcross generation and was specific for the transgenic mice, because we did not observe any signs of spontaneous disease in nontransgenic littermates. As shown in Table 1 , 5B6 TCRtransgenic mice developed EAE spontaneously in all backcross generations (N 2 -N 6 ) at an overall average of 40%. The frequency varied greatly between the N 2 and N 6 generations, but it was possible to breed the 5B6 TCR-transgenic mice even when 67% of the transgenic mice (in the N 4 generation) showed signs of EAE. In contrast, two 4E3-transgenic mouse lines (1736 and 1740) developed increasingly a greater incidence of spontaneous EAE as they were backcrossed onto the SJL background, and both of these lines were lost before the N 6 generation ( Table 1 ). The disease was so prevalent that, by the N 3 (line 1736) and the N 5 (line 1740) generations, the majority (83% and 60%, respectively) of the mice developed EAE, and those mice that did not show clinical disease did not produce any offspring. Therefore, neither of the 4E3 lines could be maintained on the SJL background. This is in contrast to the frequency of spontaneous EAE in the 5B6-transgenic mice, which did not consistently increase with increasing numbers of backcrosses. Thus, we were able to maintain only the 5B6 TCRtransgenic mice on the SJL background. Because female SJL mice are more susceptible to induced EAE (21), we tried to ascertain whether there was a gender bias in the susceptibility to EAE in the TCR-transgenic mice. This gender bias was also seen in the spontaneous disease of the 1736-transgenic line where only female mice developed spontaneous EAE. However, the 1740 and 1858 lines did not show a female bias, because about equal numbers of males and females developed spontaneous disease (Table 1) .
Pathological analysis of brain and spinal cord tissues from six representative transgenic mice with spontaneous disease showed typical histopathological evidence of EAE, i.e., numerous inflammatory foci in the meninges and CNS parenchyma. In contrast, analysis in transgenic mice with no clinical signs and nontransgenic littermates revealed no inflammation of the CNS (data not shown). To identify the CNS-infiltrating cells in Taken together, these results indicate that PLP-specific TCRtransgenic mice are prone to developing spontaneous EAE under SPF͞VAF conditions as early as 6 weeks after birth and show the infiltration of transgenic T cells in their CNS.
PLP-Specific TCR-Transgenic Mice Are Very Sensitive to EAE Induction.
We examined the induction of EAE in 5B6-transgenic mice by using three different protocols. We first determined whether EAE could be induced by administration of PLP-139-151 in CFA. As shown in Table 2 , the 5B6-transgenic mice developed more severe signs of EAE and at earlier time points than the nontransgenic littermate controls. Because the number of potentially autoreactive T cells in the transgenic mice is very large, we next determined whether EAE could be induced in these mice by the administration of PT alone. Injection of PT alone induced severe EAE in the majority of the transgenic mice within 11 days, whereas none of the nontransgenic littermates developed disease. Finally, we examined the development of EAE following immunization with PLP-139-151 in CFA and administration of PT. The mean onset of disease in both transgenic and nontransgenic mice was earlier than with the previous regimens. The transgenic mice showed the first signs of disease 1 week sooner than their nontransgenic littermates, and the average EAE severity was also greater than in the controls (Table 2 ). In summary, the transgenic mice were very sensitive to induction of EAE by administration of PT alone or by immunization with PLP-139-151 in CFA or the combination of PLP͞CFA and PT.
Discussion
In this paper, we describe the generation of TCR-transgenic mice with specificity for the major encephalitogenic epitope of the myelin protein PLP. The vast majority of mature T lymphocytes in the transgenic mice are CD4 . Mature PLP-specific T cells are found in the periphery of these mice and are fully responsive to antigen. By crossing the 5B6-transgenic mice with RAG-2-deficient SJL mice, we could formally show that at least the 5B6 transgenic T cells are not deleted in the thymus or in the periphery. The lack of clonal deletion of myelin-reactive cells in the thymus was previously attributed to sequestration of myelin antigens in the nervous system and due to the lack of exposure of the myelin-reactive T cells in the thymus to the myelin auto-antigens. However, recent data suggest that both myelin MBP and PLP are expressed in the thymus (22) and peripheral lymphoid tissue (23, 24) , raising the question of how MBP-and PLP-reactive T cells escape thymic deletion. Data from MBP-deficient shiverer mice suggest that expression of MBP in the thymus results in deletion of high affinity MBP-reactive T cells clones (25, 26) . Our studies (27) and those of others (28) on thymic 
4E3 (1736, 1740) and 5B6 (1858) TCR-transgenic mice on indicated SJL backcross generations were monitored regularly for signs of EAE for at least 6 months. Numbers of transgenic mice with spontaneous EAE per total number of transgenic mice in each generation are shown, and resulting frequencies of spontaneous EAE are given in percentages (%). Severity is shown as mean peak disease severity. M, male; F, female; N/A, not applicable. 5B6 TCR transgenic (TG) and nontransgenic littermate (NLM) mice were injected with PLP-139 -151 in CFA (PLP͞CFA) s.c. or PT i.v. alone or in combination (PLP͞CFA͞PT). EAE was monitored for 40 days. Mean day of onset and mean peak disease severity are shown with SD. ‫,ء‬ P ϭ 0.008 versus NLM; †, P ϭ 0.04 versus NLM; ‡, P ϭ 0.0001 versus NLM; §, P ϭ 0.008 versus NLM (all Student's t test, unpaired) .
expression of PLP demonstrate that its smaller splice variant DM20, which lacks residues 116-150 and therefore essentially does not contain the PLP-139-151 epitope, is predominantly expressed in the embryonic thymus. Thus, restricted thymic expression of DM20, and not full length PLP, may explain why 5B6-transgenic T cells escape thymic deletion and seed in high numbers in the peripheral immune compartment.
The transgenic mice bearing TCRs from either encephalitogenic or nonencephalitogenic T cell clones developed spontaneous EAE. These results demonstrate that the specificity of the nonencephalitogenic TCR is sufficient to mediate EAE when expressed in vivo. It has been suggested that in EAE the TCR contributes to the encephalitogenicity not only by the recognition of myelin antigen in association of MHC, but also as an effector molecule (29) . Our findings do not support this hypothesis because the transgenic mice bearing TCRs from either encephalitogenic or nonencephalitogenic T cell clones developed spontaneous EAE. These findings underscore the critical contribution of other factors responsible for CNS homing and initiation of tissue injury to the disease-mediating potential of autoreactive T cells. Although transgenic mice bearing TCRs from the encephalitogenic T cell clone developed EAE, the incidence of spontaneous EAE was much higher in mice bearing TCRs from the nonencephalitogenic clone. One possible explanation for this observation may be that the 4E3 TCR has a higher affinity for PLP-139-151͞I-A s complexes than the 5B6 TCR because the 4E3 TCR can recognize PLP-139-151͞I-A s even in the absence of CD4 molecules in vitro (Fig. 1) . Thus the 4E3 TCRbearing transgenic T cells may be activated in the peripheral immune compartment more readily, resulting in a higher frequency of activated T cells that induce a higher frequency of disease. Alternatively, one might argue that the frequency of transgenic T cells may be higher in the 4E3-than in the 5B6-transgenic mice because of the location of the transgene insertion, which could account for a higher incidence of spontaneous EAE in the 4E3-transgenic mice. Although we cannot directly exclude this possibility, it appears unlikely because we observed a high frequency of spontaneous disease in two different 4E3-transgenic lines. In a MBP TCR-transgenic system, infectious environmental agents were suggested as a cause for the observed development of spontaneous EAE, because the MBP-TCR-transgenic mice housed under conventional but not under SPF conditions developed EAE (30) . In contrast, spontaneous disease in the PLP TCR-specific mice developed under VAF͞SPF conditions in the absence of common viral and bacterial mouse pathogens. Whether the expansion͞activation of PLP-139-151-reactive cells is due to the expression of PLP-139-151 in the periphery, or to a cross-reactive infectious agent or unrelated self antigen, requires further investigation. The data from the PLP TCR-transgenic mice described here differ from the findings in the previously reported MBP TCRtransgenic models in two major aspects. First, the frequency of spontaneous disease in the PLP TCR-transgenic lines is strikingly higher than the 14% reported in the MBP TCR-transgenic mice housed under SPF conditions (30) . Second, immunization with antigen-adjuvant did not produce clinical signs in the MBPtransgenic mice but induced EAE readily in the PLP-transgenic mice under sterile housing. We do not know the reason for these differences between the two transgenic models, but they may reflect an intrinsic difference of the immune response to PLP versus MBP. The PLP-specific TCR-transgenic mice offer a valuable tool to gain new insights into mechanisms responsible for the dominance of the PLP autoantigen in the induction of EAE in SJL mice and the variation in disease susceptibility among various H-2 s strains.
